This paper reports an in situ Raman study of Cu electrodeposition from an acidic sulfate solution in the presence of bis-͑3-sulfopropyl͒-disulfide Na salt ͑SPS͒. In the absence of chloride, in situ surface-enhanced Raman spectra scarcely show few labile features in a narrow range of cathodic potential. When Cl − ions are added to the deposition bath, several features are clearly visible in the spectra, showing that SPS is adsorbed on the copper surface in a wide potential window during Cu electroplating. © 2006 The Electrochemical Society. ͓DOI: 10.1149/1.2172555͔ All rights reserved. The widely investigated processes of Cu electrodeposition for ultralarge scale integration ͑ULSI͒ fabrication rely heavily on the use of complex blends of organics. Notwithstanding the considerable number of papers published on the subject and the relatively widespread use of such bath chemistries in the industry, the role of the single additives and the reasons underlying the well-document synergistic actions developing among them have not yet been unravelled.
The widely investigated processes of Cu electrodeposition for ultralarge scale integration ͑ULSI͒ fabrication rely heavily on the use of complex blends of organics. Notwithstanding the considerable number of papers published on the subject and the relatively widespread use of such bath chemistries in the industry, the role of the single additives and the reasons underlying the well-document synergistic actions developing among them have not yet been unravelled.
The organic additives in acid Cu plating baths are commonly categorised as: ͑i͒ carriers, ͑ii͒ brighteners or accelerators, and ͑iii͒ levellers. Carriers and levellers are sometimes denominated suppressors, implying the fact that they hinder the deposition rate and consequently enhance the electrodeposition overvoltage. Usually, ͑i͒ carriers are polyethylene glycols, ͑ii͒ brighteners are molecules with thiol RSH and disulfide RSSR bonds and sulfonic acid groups, and ͑iii͒ levellers are molecules with amine functionality or aromatic rings. A host of different chemistries has been proposed in the literature, a review of which is beyond the scope of this paper.
In a typical bath chemistry, bis-͑3-sulfopropyl͒-disulfide Na salt ͑SPS:
NAO 3 S͑CH 2 ͒ 3 SS͑CH 2 ͒ 3 SO 3 Na͒ acts as the accelerator. Accelerators are believed to adsorb on the growing Cu surface and to participate in charge transfer; accelerators coadsorbed with suppressors would thus offer growth sites on the cathode surface, otherwise occupied by other additives exhibiting inhibiting action. 29 Estimates of the total surface coverage with cathode-blocking species have been evaluated on the basis of electrochemical measurements in Ref. 9 for baths containing poly͑ethylene glycol͒ ͑PEG͒, SPS, and Janus Green B ͑JGB͒; SPS was shown to lower the total cathode coverage. This scavenging action was reported to be positively correlated with the SPS concentration and to be a function of the potential. If SPS is the sole additive, preferential deposition at the peaks of a saw-tooth profile was found, but use of both SPS and JGB brings about higher deposition rates at the valleys. 3 Enhancement of the depolarization effect of SPS in recesses has been demonstrated in Ref. 18 by systematic use of through-mask cathodes with different aspect ratios.
The accelerating effect has been shown to depend on the presence of Cl − and to be positively correlated with SPS concentration. 18 The use of SPS in the electrodeposition of Cu for ULSI applications has been described in many papers. 29 Two chief mechanisms have been proposed for the action of SPS in acidic Cu 2+ baths. ͑i͒ SPS is believed to undergo cathodic reduction to MPS. MPS is able to reduce Cu 2+ to Cu͑I͒ thiolate complex. 14, 15, 17, 18, 20, 25, 27, 28 In this process, MPS has been reported to be able to reduce back to SPS. 28 27, 28 . Positive evidence of this fact has been recently provided by electron paramagnetic resonance ͑EPR͒. 29 ͑ii͒ SPS has been proposed to form a film of a Cu͑I͒ complex, possibly Cu͑I͒-MPS, at sites where intense mass transport to the cathode takes place; 26, 27 electrochemical reduction of this film would yield metallic Cu.
Mechanisms ͑i͒ and ͑ii͒ can be essentially reconciled apart from details on the exact sequence of RSSR cleavage and Cu͑I͒ coordination, and the adsorption behavior of the Cu͑I͒ complexes. No positive evidence seems to be available regarding these processes, to the best of the authors' knowledge.
The empirical formulation of successful additive systems has been accompanied by the development of several theories of their action-essentially based on integral kinetic equations and masstransport relationships-predicting current density distributions; reviewing this topic is beyond the scope of the present paper. In particular, as far as the action of the accelerator is concerned, a curvature-enhanced mechanism accounting for higher deposition rates at the bottom of the features 11 and an accelerator-adsorption model able to predict bump formation 30 were proposed. To the best of the authors' knowledge, the only papers treating the effects of SPS as the sole additive in Cu baths are Ref. 16 [35] [36] [37] and presence of organic additives. 26, [38] [39] [40] [41] [42] [43] In this paper we describe SERS measurements during Cu ECD from a bath containing SPS and Cl − .
Experimental
The electrodeposition bath composition was CuSO 4 ·5H 2 O 20 mM, H 2 SO 4 0.5 M, SPS ͑Rasching GmbH, Germany͒ 6 ppm. We used analytical-grade chemicals and ultrapure water with a resistivity of 18.5 M⍀ cm from a Millipore Milli-Q system. The electrodeposition bath was not deaerated for two reasons: ͑i͒ to match the typical industrial conditions and ͑ii͒ because the current density values recorded during Cu electrodeposition are not measurably affected by oxygen reduction. In order to minimize organic contamination, all the items in contact with the working electrolyte were rinsed with concentrated HNO 3 before and after each experiment and stored in 20 vol % HNO 3 diluted with ultrapure water.
SERS measurements were performed with a LabRam confocal Raman system. Excitation at 633 nm was provided by a 12-mW He-Ne laser. A 50ϫlong working-distance objective was used. In situ spectroelectrochemistry was carried out in a cell with a vertical polycrystalline Cu disk working electrode of 5 mm diam embedded in a Teflon cylindrical holder. A metallographic polishing procedure, consisting of wet grinding with 2400-grit SiC paper, allowed excellent reproducibility. The counter electrode was a Cu cylinder coaxial with the working electrode holder. An Ag/AgCl ͑KCl 3 M͒ reference electrode was used, placed in a separate compartment; potentials are reported on the Ag/AgCl scale. The reference probe tip was placed 3 mm from the rim of the working electrode disk. The spectra were acquired with a 1800 groove/mm grid over Raman shift intervals of 1000 cm −1 in 30 s; 3-12 spectra were co-added in order to achieve the required signal-to-noise ratio. Raman intensities are normalized over the acquisition time and proportional to the discharge current of the change coupled device ͑CCD͒ element corresponding to a given Raman shift, uncorrected for quantum efficiency.
Results and Discussion
Potentiostatic experiments were carried out in the potential range: open circuit ͑OC͒ to −520 mV in the absence and in the presence of Cl − . As a function of the bath chemistry, we measured the following OC potential values: V o = −0.018 ± 0.002 V ͑or-ganic additive-free bath͒, V o = −0.002 ± 0.001 V ͑SPS-containing bath͒, and V o = −0.010 ± 0.003 ͑SPS-Cl-containing bath͒.
In the absence of Cl − , it was hardly possible to observe any spectral feature. Only two weak features at ca. 440 and 520 cm −1 could be observed at low cathodic potentials ͑−200 mV͒ and for a short electrodeposition time. This spectroelectrochemical behavior can result either because SPS-related species do not adsorb or electrodeposition under these conditions does not give rise to SERSactive features. The band at ca. 440 and 520 cm −1 can be assigned to S-C bending and S-S stretching, respectively. 44 In the presence of Cl − , this scenario changes drastically and highquality spectra can be recorded in a wider potential range ͑Figs. 1-4͒. Figure 1 shows SERS spectra measured at OC with the following procedure. Freshly deposited Cu was obtained by electrodepositing potentiostatically at −25 mV for 10 min from an additivefree solution. After this predeposition, the potential was left to relax at OC; after the asymptotic value mentioned above had been reached, the following Raman measurements were carried out after steady-state conditions had been achieved: ͑i͒ in the additive-free solution where electrodeposition had been carried out, ͑ii͒ in the same electrolyte, after injection of Cl − to a final concentration of 50 ppm, and ͑iii͒ after injection of SPS to a final concentration of 6 ppm. In the acid CuSO 4 solution, the following features are found: 1. A peak at 300 cm −1 , on the basis of Ref. 33 and unpublished results obtained in our laboratory, whose presentation and discussion are far beyond the scope of the present paper. This peak can be assigned to the Cu-O stretching, even though we are aware that Cu-O readily dissolves in the relevant environment. Nevertheless, it is well known that surface-enhancement effects might be responsive to trace amounts of adsorbed species.
2. A band at 979/1005 cm −1 , assigned to SO 4 = /SO 4 H − asymmetric stretching.
3. A band at 1027 cm −1 , assigned to the asymmetric stretching of the group −SO 3 H. 44 When Cl − ions are injected into the bath, a new band shows up at 256 cm −1 , which can be assigned to Cu-Cl − stretching. 34 Moreover, all the features pertaining to the groups SO 4 = , SO 4 H − , and -SO 3 H look better defined. This phenomenon can be explained by the fact that adsorption of Cl − is accompanied by a change in the electronic Band assignment was based both on the literature and on normal Raman experiments we carried out in the bulk of a series of solutions, in which SPS 100 ppm was dissolved in: ͑i͒ distilled water, ͑ii͒ H 2 SO 4 0.5 M, and ͑iii͒ the additive-free Cu electrodeposition bath; details of these experiments are given in Ref. 48 . In these spectra we can distinguish the strong HSO 4 − asymmetric stretching located at 976 cm −1 from the stretching of the RSO 3 − function, whose bands lie in the range of 1035 ÷ 1044 cm −1 . A shift of a few cm −1 , due to the protonation of the sulfite group, is also observable by comparing the SPS spectra recorded in acidic and neutral environment. The SPS-related bands, different from the RSO 3 − group found in our normal Raman spectra are ͑i͒ 502 cm −1 , S-S stretching; ͑ii͒ 636 cm −1 , C-S stretching; ͑iii͒ 1188 cm −1 S-CH 2 wag; 1400 cm −1 S-CH 2 deformation; and ͑iv͒ the broad band at ca.
1630 cm −1 is due to water modes. A list of the observed Raman bands and their assignments is provided in Table I . Figure 2 shows potential-dependent spectra corresponding to the electrodeposition range −25 ÷ −520 mV. The Stark tuning of the bands at 622, 684, 730, and 793 cm −1 can be noticed in this figure and are stressed in Fig. 3 . The Stark tuning of these bands further proves that SPS is adsorbed and that the vibrational properties of the relevant moieties are influenced by the changes in the interfacial electric field ͑for details, see, e.g. Ref. 49͒ .
The chief changes in spectral pattern are listed below: 1. The feature at 256 cm −1 , assigned to the Cu-Cl − stretching, disappears for potentials more cathodic than −300 mV, proving Cl − desorption. The problem of potential-dependent Cl − adsorption in multiadditive Cu-plating systems and the need of relevant experimental information has been recently stressed in Ref. 50 .
2. The intensity of the spectra tends to decrease with cathodic polarization. The intense hydrogen evolution and the poor understanding of the origin of the SERS effect do not allow us to discriminate between surface coverage and surface-enhancement contributions: the decrease of the SERS background and of the relative intensity of the peak-to-background ratio suggest that both factors are operative. In particular, differences in growth modes that are active at different potentials have been proved to be related to changes in the degree of SERS enhancement.
3. As the Cu deposition rate increases with cathodic overvoltage, the intensity of the Cu-O stretching band at 300 cm −1 decreases due to the deposition of metallic Cu.
4. Two weak bands at 412 and 526 cm −1 , assigned to Cu-C-S bending and S-S stretching, respectively, appear at −500 mV. The fact that these weak bands become visible in the high cathodic potential range might be explained with electrode roughening enhancing the response of moieties, exhibiting the correct orientation but limited cross section. Figure 4 shows the potential-dependent spectra measured during the reverse scan between −520 mV and OC.
Comparing Figs. 2 and 4, we can notice that the intensity of the SERS spectra recorded during the reverse scan is typically lower when compared with the forward scan, probably for the same reasons given above, related to the development of growth morphologies and attending SERS enhancement. The weak bands at 412 and 526 cm −1 that appear during the forward scan only at −500 mV are visible in the reverse scan from −400 mV to OC. This irreversibility confirms that roughening may be the cause leading to the degree of surface enhancement necessary to reveal these bands. Upon potential cycling, the intensity of the Cu-Cl stretching band was not recovered quantitatively and only a small feature is visible. Cathodic desorption of Cl − in the presence of adsorbed SPS might in fact give rise to a hysteretic behavior of the partial coverage degree with these 
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Conclusions
In this paper we investigated the behavior of SPS during Cu electrodeposition from acidic sulfate baths by in situ Raman spectroscopy. In the absence of Cl − , SERS bands were hardly observable only at −200 mV and for short electrodeposition times. When SPS and Cl − are both present, SPS-related bands are found in a wide cathodic potential range. The Cu-Cl − stretching band is visible at potentials higher than −300 mV vs Ag/AgCl. Stark tuning of the C-S stretching and SCH 2 rocking bands is observed, as well as hysteretic behavior of the potential-dependent spectral pattern.
